Surface functionalisation with viscosity sensitive dyes termed 'molecular rotors' can potentially open up new opportunities in sensing, for example for non-invasive biological viscosity imaging, in studying the effect of shear stress on lipid membranes and in cells, and in imaging contacts between surfaces upon applied pressure. We have functionalised microscope slides with BODIPY-based molecular rotor capable of viscosity sensing via its fluorescence lifetime. We have optimised functionalisation conditions and prepared the slides with the BODIPY rotor attached directly to the surface of glass slides and through polymer linkers of 5 kDa and 40 kDa in mass. The slides were characterised for their sensitivity to viscosity, and used to measure viscosity of supported lipid bilayers during photooxidation, and of giant unilamellar vesicles lying on the surface of the slide. We conclude that our functionalised slides show promise for a variety of viscosity sensing applications.
Introduction
Fluorescent viscosity probes -molecular rotors -are an established class of fluorophores used for microviscosity sensing. [1] [2] [3] The small size of the rotors (few nm or less), as well as the nature of sample interrogation (fluorescence microscopy) allow this method to be used for local viscosity measurements in microscopic samples, where 'bulk' rheological methods are unsuitable. Additionally, the signal from rotors can be detected by conventional fluorescence imaging or fluorescence lifetime imaging (FLIM) microscopies, 4 which provide a convenient way of obtaining viscosity maps of samples, instead of providing only an average value or a single point measurement of viscosity. This gives the rotor-based imaging a significant advantage over alternative optical techniques, such as fluorescence recovery after photobleaching (FRAP) 5 or fluorescence correlation spectroscopy (FCS), 6, 7 often used for measuring viscosity or diffusion coefficients in heterogeneous media. The viscosity sensitivity exhibited by molecular rotors arises from the conformational change that occurs following excitation. The rate or efficiency of this conformational change is often dependent on the local viscosity of the rotor's environment or, alternatively, on the solvent free volume. E.g. the intramolecular rotation may drive the transition of the rotor from the fluorescent state to a non-fluorescent one, and this transition becomes impeded at high viscosity. Thus, in a medium of higher viscosity, a rotor is forced to stay longer in the fluorescent state, which leads to a higher quantum yield of fluorescence and to a lower rate constant of its fluorescence decay. While technically more demanding, it is often beneficial to use the fluorescence lifetime to sense viscosity. Barring aggregation and self-quenching, the lifetime is not dependent on a local concentration of fluorophores, which can vary significantly in heterogeneous samples. Thus, using fluorescence lifetime allows viscosity measurements in a quantitative manner. [8] [9] [10] Molecular rotors have been employed in measuring viscosity in a wide range of different samples, such as atmospheric aerosols, 11-13 polymers, 14 model lipid membranes 15, 16 and live cells. 4, 10, [17] [18] [19] [20] [21] For many of these applications it might be beneficial to create reusable and less invasive sensors, whereby a rotor is not simply added to a sample of interest, but covalently attached to an optically transparent surface. The rotor can then be automatically incorporated into a sample upon contact with such a surface and can be recovered from the sample after measurements. On the other hand, the viscosity sensitive dye 2-dicyanomethylene-3-cyano-2,5-dihydrofuran (DCDHF) was recently used for mechanosensing, in order to measure the area of contact between surfaces upon applied force/pressure. 22 For the latter application it was required that the rotor is covalently attached to one of the surfaces in contact, namely, to a glass coverslip. Apart from mechanosensing mentioned above, only a limited number of covalently attached molecular rotors were reported in the literature, e.g. N-9-(2-carboxy-2-cyanovinyl)-julolidine (CCVJ). 23, 24 In all these cases fluorescence intensity of the dyes was used as a marker of contact/viscosity, offering only qualitative viscosity measurements. Furthermore, sensitivity to viscosity (where investigated), was significantly reduced compared to the parent rotor, allowed to rotate freely in solution without the constraints of surface attachment, presumably due to the relative ease of changing conformation in solution. Here we investigate an optimal strategy for covalent incorporation of BODIPY-based molecular rotors to an optically transparent surface of a microscope glass slides. Boron dipyrromethene (BODIPY) rotors are perhaps one of the most widely used class of lifetime-based molecular rotors to Page 1 of 7  AUTHOR SUBMITTED MANUSCRIPT -MAF-100384.R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t The purpose of the current work was two-fold: (i) to engineer an optimal surface modification strategy to allow BODIPY viscosity probes to be attached to surfaces with a minimal loss of their sensing ability and (ii) to investigate the viscoelastic behaviour of lipids in contact with such surfaces. To achieve our first aim, we found optimal reaction conditions and surface density of the BODIPY rotors to minimise aggregation. Aggregation is a process detrimental for sensing, since it directly affects the photophysical properties of the rotors and reduces (or even removes) its sensitivity to viscosity. In addition, we used neutral 'stopper' molecules to further 'dilute' the sensor on the surface and thus prevent short intermolecular distances between rotors leading to fluorescence quenching. We tested multiple strategies in functionalising the slides, using NHS-ester or thiolfunctionalised BODIPYs, Figure 1 . We also varied the distance between the rotor and the surface by using a NHS-PEGnMaleimide linker (< 1 nm linker, 5 kDa linker and 40 kDa linker) in order to investigate the effect of this parameter on the rotor's viscosity-sensitive photophysics. The linker might be necessary in future biological studies, since during cell adhesion to surfaces the average distance of a cell to the surface can be up to 200 nm 30 and hence the rotors in immediate proximity to the surface might not reach the cell plasma membranes. Finally, we have tested new functionalised slides in sensing viscosity of supported lipid bilayers (SLBs) and giant unilamellar vesicles (GUVs). Overall, we demonstrate the optimal strategy in preparing functionalised slides with BODIPY molecular rotors and show that our slides with the BODIPY rotor show promise as a useful tool for future viscosity sensing applications.
Results and Discussion

Synthesis
We have chosen to attach BODIPY rotors to commercially available amine-modified glass slides, due to the perceived ease of a coupling reaction that completes rapidly at ambient conditions, as well as the fact that amine-modified slides were accessible from the manufacturer in several 'surface densities', that is, with several orders of magnitude difference in concentration of surface amine groups. Several strategies were employed in parallel, Scheme 2, to enable a range of coupling schemes and conditions to be tested. In each case, the obtained slides were characterised by fluorescence confocal imaging and FLIM, in order to establish the uniformity of coverage, the presence of aggregated species that could impede imaging and the dynamic range of viscosity sensing.
BODIPY sensors
BODIPY rotor 1 was prepared as described elsewhere. 31 The synthesis of BODIPY rotor 2 was carried out in two synthetic steps (Scheme 1). First, BODIPY derivative 5 32, 33 was allowed to react with an excess of compound 4 34 to afford BODIPY derivative 3 in a yield of 86%. Then, the trityl protecting group was removed smoothly in the presence of TFA and triisopropylsilane to give desired BODIPY rotor 2 in 79% yield. The detailed information on synthesis and characterisation of all compounds is provided in the ESI. 
Microscope slide modification and optimisation
Commercially available positively-charged amine surface microscope slides SuperAmine 2 (2 x 10 13 reactive groups per ) were used to test the immobilization of BODIPY rotor 1. The microscope slides were immersed in a solution of rotor 1 and Et 3 N in DMF in a TLC chamber for the reaction to take place (condition MS1, Scheme 2). First, we tested the fluorescence slides for the presence of any aggregates of the BODIPY rotor, since aggregation could negatively impact on the viscosity sensitivity of the bound dye. Fluorescence spectra ( Figure 2A ) revealed that BODIPY rotor attached on the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 SuperAmine 2 slides suffered from severe aggregation as indicated by significant fluorescence in the range of 600-700 nm, typical of BODIPY aggregated species. 15 A monomeric non-aggregated BODIPY rotor is expected to have a single emission peak with a maximum at 515 nm. Further evidence for the presence of aggregated species of BODIPY came from fluorescence lifetime detection ( Figure S1 , ESI). 15 Namely, in the case of BODIPY aggregates being present, we expect to see a strong spectral dependence of the observed fluorescence lifetimes, with red detection wavelengths (those corresponding to aggregates) characterised by longer average fluorescence lifetimes. This kind of spectroscopic behaviour is evident in Figure S1 , ESI. This is due to the presence of longer-lived aggregated species, which emit predominantly at the red edge of the spectrum (>650 nm). 15 In the case of SuperAmine 2 Low Density slides, the fluorescence spectra showed that the aggregation was significantly suppressed, Figure 2A , red spectrum, and Figure  S2A , ESI. However, the fluorescence decays still showed significant dependence of the fitted lifetimes on the emission wavelength. Furthermore, the fluorescence decays were strongly biexponential, which is another indication of BODIPY aggregation. 15 The sample data obtained from such slides are shown in Figure 2B (in methanol) and Figure S2B (in toluene), and both datasets clearly demonstrate the presence of aggregates.
To diminish aggregation, we tested different reaction times for the attachment of BODIPY rotor 1 on SuperAmine 2 Low Density slides, ranging from 5 days to 15 min. It was found that shorter reaction times below 1 hour actually led to stronger fluorescence intensity of the slides ( Figure S3 , ESI). This suggests that reaction times longer than 1 hour might have resulted in ever increasing aggregation of the BODIPY molecules, which negated the advantages of having higher surface densities of BODIPY dyes on the slides. Therefore, only the reaction times of 1 h or less were further explored. The reaction times limited to 1 h or less led to no significant variation of fluorescence decays with the detection wavelength ( Figure 2C ). Furthermore, the decays obtained in highly viscous solvents could be fitted using a monoexponential function ( Figure 2D in red and blue). Again, this strongly contrasts the shapes of the decay obtained when longer reaction times were used (e.g. 48h reaction time is shown in Figure 2D , in yellow). We further varied the reaction times from 15 min to 1 hour but in all cases the variation in reaction times did not have any significant effect on fluorescence spectra ( Figure S4 , ESI) or fluorescence decays ( Figure S5, ESI) . For all future experiments we chose 30 min as the optimal duration of the conjugation reaction. We must note that even at these conditions fluorescence decays remain biexponential at most viscosities, which may result from a fraction of the rotor molecules binding to the surface of the slide, similar to what was previously observed upon covalent attachment of rotors to aggregating proteins. 31 In parallel with varying the duration of the conjugation reaction, we have also explored whether the introduction of a large concentration of competing binder, a neutral 'stopper' molecule, (condition MS2, Scheme 2), will affect the observed sensor properties. Interestingly, introducing stopper molecules in order to 'dilute' the rotors on the surface and to prevent possible aggregation had no effect on the time resolved fluorescence decays whatsoever. A c c e p t e d M a n u s c r i p t
The example decays for two slides that were obtained by using stopper/not using stopper conditions at 30 min reaction time are shown in Figure 2D in blue and red, respectively. Further data showing fluorescence kinetics and spectra of MS2 slides is displayed in Figures S4 and S5 , ESI. Based on the data, we concluded that the presence of a stopper in the reaction solution -even with a stopper-to-BODIPY ratio of 100:1 -does not affect the outcome of the manufacturing of the sensor. This result agrees with our previous hypothesis that biexponential fluorescence decays may result not only from aggregation of the rotors but also from binding to the surface. The reaction times were 48 h (yellow) and 30 min (blue). Low density slides were used for functionalization in B) and C), fluorescence was recorded in a microscope setup over 490-520 nm range (monomer emission range) using two-photon excitation at 850 nm.
One of the possible applications of the microscope slides functionalised with the BODIPY rotor is measurements of the viscosity of the cellular membrane. However, the distance between the surface and the cell attached on the surface can be as high as 200 nm. 30 This relatively long distance will prevent rotors described in conditions MS1 and MS2 (Scheme 2) to effectively incorporate inside the plasma membrane of the surface-attached cells. Consequently, to increase the surface-sensor distance, we incorporated a heterobifunctional polyethylene glycol linker, using a strategy described previously for coupling adhesive arginylglycylaspartic acid ligands to the surface. 35 Polyethylene glycol is a hydrophilic molecule, which is well solvated by water molecules in the aqueous environment and it is not likely to incorporate into the hydrophobic lipid bilayers which are our samples of interest. We attached the rotor to the surface using 5 kDa or 40 kDa linkers (MS3 and MS4, respectively, Scheme 2). Commercially available heterobifunctional polyethylene glycol tether molecules of varying length (5 kDa nm and 40 kDa) that contain an NHS ester at one end (to be connected to the glass surface) and a maleimide group at the other (to be linked to the BODIPY rotor 2) were used. In a first step, the microscope slides were immersed in a solution of the corresponding NHSPEGn-Maleimide crosslinker and Et 3 N in DMSO in a TLC chamber at different reaction times, resulting in a maleimideactivated surface. This surface was further decorated with BODIPY rotor 2 in a second reaction step, following a similar protocol to that described above. The resulting slides did not display any significant fluorescence above 600 nm ( Figure S6 , ESI) and did not show any other signatures of aggregation. In summary, we have established that conditions MS1-MS4 (Scheme 2) can produce microscope slides functionalised with BODIPY rotors. By keeping the reaction times shorter than 1 h, it was possible to avoid aggregation of the neighbouring BODIPY moieties on the slide, which could be detrimental to their viscosity-sensing properties.
Calibration of functionalised slides
In order to characterise the viscosity sensitivity of rotormodified slides, we utilised room temperature methanolglycerol solutions of varying viscosity. A wide range of viscosities from <1 cP to 1400 cP could be accessed in such a way. Previously, we have demonstrated for structurally similar BODIPY rotors free in solution that the high polarity of the mixture does not significantly affect the photophysics of the rotors, at least above 80 cP. 25 Hence, the results of viscosity calibration from methanol-glycerol mixtures can be translated to very non-polar systems such as castor oil, to lipid bilayers and, ultimately, to a cell plasma membrane. 25 The required solvent mixtures were placed on top of the slides and the fluorescence decays of immobilised BODIPY were measured using FLIM, Figure 3 . The decays could not be fitted using a monoexponential function, however, our analysis of the decays in the green vs red edge of the spectrum showed no evidence for the presence of aggregates. Therefore, the decays were fitted using biexponential function and the intensity-weighted mean lifetimes were calculated according to the following formula:
where τ i and a i are lifetimes and amplitudes of the individual exponential components. The calibration plot was constructed by plotting the intensityweighted mean lifetimes against the viscosity of the mixtures, and the trend was fitted using the Fӧrster-Hoffmann equation:
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The obtained fitting parameters are shown in Figure S7 , ESI. Fluorescence decays of BODIPYs on all three types of slides ( Figure 3) show clear viscosity dependence. However, the dependence is significantly greater for MS3 and MS4 slides with BODIPY rotor attached using a linker ( Figure 3A) ; the parameter x is 0.13 compared to 0.076 in the case of MS1. Most likely, close proximity of the surface in the case when < 1 nm linker was used prevents the solvent from fully surrounding the BODIPY rotor and, as a result, its sensitivity to solvent viscosity is diminished. By introducing a linker, the distance of the BODIPY rotor from the surface becomes greater, which boosts the sensitivity of the rotor. Our results indicate that the length of the linker does not seem to matter, as the calibration curves shown in Figure 3C for MS3 and MS4 slides are nearly identical. In either case, the distance to the surface is many times greater than the size of the molecule, which leads to a similar environment for the BODIPY rotor in both cases. However, we must point out that even when the longer linker is used, BODIPY rotor shows much weaker sensitivity compared to free BODIPY in solution (x = ∼0.5). 
Application of microscope slides with BODIPY rotor attached
We went on to test our modified microscope slides for measuring viscosity of lipid bilayers. In this simplest case of a lipid-based sample we do not expect large distance between the surface and the sample (as would be expected in the case of cells) and therefore, MS1, MS3 and MS4 slides were expected to be suitable for this experiment. First, we prepared a supported lipid bilayer (SLB) from 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids on an MS1 slide with a short (< 1 nm) 37 ). However, it is likely that our functionalization reaction does not proceed in 100% yield and, therefore, the lipid-to-dye ratio in our experiments is greater than 1.4:1. Our goal was to test the slide by (i) measuring the viscosity of the SLB via FLIM and comparing it with our previous results in model lipid bilayers; 15, 25 and (ii) monitoring a dynamic process using the surface bound rotor, namely to photo-oxidise the SLB and ascertain if we can monitor the corresponding increase in viscosity, as observed previously using the free BODIPY rotor. 38 In order to generate suitable ROS (singlet molecular oxygen) for photooxidation of lipids we utilised tetraphenylporphine (TPP). The use of TPP had an additional advantage, since TPP is a hydrophobic molecule and should effectively stain the lipid bilayer. Hence, its fluorescence in the red spectral region allowed us to verify the formation of the SLB over the surface of the functionalized microscope slide. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
The fluorescence spectra of the bilayer ( Figure 4A ) clearly show fluorescence spectra of both the BODIPY rotor and TPP confirming that the SLB formation was successful. Irradiation of TPP should produce singlet molecular oxygen, 1 O 2 , in high quantum yield, which is expected to effectively oxidise the unsaturated DOPC bilayer. 38 We measured FLIM images of the BODIPY before and after irradiation at the Soret absorption peak of TPP (420 nm). The irradiation was performed by zooming in at the center of the image and continuously scanning the zoomed in area using the 420 nm laser. This approach should leave the borders of the image non-irradiated and non-affected by ROS production, at least not directly. The results of the photooxidation experiment are shown in Figure 4B . Before irradiation, the average lifetime of BODIPY molecules was ∼2550 ps and it follows a normal distribution ( Figure 4B , histogram on the left). This lifetime corresponds to ∼100 cP viscosity, which is very similar to what we have observed in DOPC bilayers previously using free BODIPY (∼90 cP). 25, 38 Upon irradiation, the lifetime drastically increased in the center of the image to ∼3000 ps, corresponding to ∼900 cP, while the lifetimes remained constant in the rest of the image, in agreement with our previously obtained results in photo-oxidated GUVs containing free BODIPY rotor. 38 Next, we tested MS3 slides with a 5 kDa linker separating the rotor from the surface. The slide was covered with aqueous solution containing giant unilamellar vesicles (GUVs) and imaged using brightfield microscopy and FLIM. The resulting FLIM image ( Figure 5 ) clearly shows a higher lifetime of the BODIPY rotor (∼2400 ps, corresponding to ∼80 cP) in the location where the GUV is present, as seen in the brightfield image. The viscosity value obtained corresponds closely to the one measured using the functionalized slide with a < 1 nm linker, Figure 4B . These results show that MS3 slides are able to sense viscosity and provide reliable results. Overall, the results show the potential usefulness and applicability of microscope slides functionalized with BODIPY rotors for a variety of viscosity measurements. 
Conclusions
To conclude, we have successfully prepared microscope slides with BODIPY-based molecular rotors attached on the surface. Three types of slides were prepared: with the BODIPY rotor attached directly to the glass surface via a short < 1 nm linker and those attached using significantly longer heterobifunctional polyethylene glycol tether molecules of 5 kDa and 40 kDa in length. We have optimised the synthesis procedure to minimise the aggregation of the rotors on the surface and then calibrated the slides in methanol-glycerol mixtures showing that the introduction of the linker significantly enhances the viscosity sensitivity of the surfacebound BODIPY rotor. Then we have tested the slides for measuring the viscosity of a SLB before and after photooxidation by TPP porphyrin and for measuring the viscosity of a GUV placed on the surface of the slide. In summary, through an optimised procedure we have prepared slides functionalised with a molecular rotor for viscosity sensing suitable for further applications. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
